Ground penetrating radar (GPR) is a nondestructive sensor technology for detecting underground objects. GPR requires large-aperture antennas to survey a remote location precisely because of the expansion of microwaves. We propose a laser-driven GPR (LGPR) that uses microwave radiation from a laser plasma to achieve remote sensing.
Ground penetrating radar (GPR) is a well-known nondestructive sensor technology that uses microwave echoes to find objects underground and examine building structures [1, 2] . Recently, demand has increased for remote sensing technology for landmine detection. Conventional GPR is effective only at a close range, or near the detection area. This is because an increase in the distance between the GPR and the remote survey area increases the area irradiated by the microwave, which leads to a deterioration in the angular resolution of the GPR. The microwave beam width must be as narrow as possible to prevent such deterioration. A large-aperture antenna is typically necessary for forming the narrow beam -the beam width θ 1/2 [deg] can be approximated by 70 × λ/D, where λ is the wavelength of radiated microwaves [m] and D is the apeture length [m] [3, 4] . We propose a laser-driven GPR (LGPR) using microwaves radiated from a laser plasma [5] .
LGPR does not require a large-aperture antenna to sense a remote location because it generates a laser plasma that acts as a microwave radiator adjacent to the survey area, which is equivalent to a transmission antenna close to the survey area.
Electromagnetic waves at various frequency ranges (from MHz to THz), radiate from laser-produced plasmas [6] [7] [8] [9] [10] [11] [12] [13] . The radiation is caused by the following processes. An intense laser pulse creates a laser plasma. The generated electrons and ions are accelerated toward the outside of the plasma by thermal pressure or Ponderomotive forces. The light electrons receive greater acceleration than the heavy ions. Charge separations are induced in the plasma by different expansion speeds of electrons and ions, which excite the electric dipole moments. These flickering author's e-mail: nakajima-h@ile.osaka-u.ac.jp electric dipole moments radiate electromagnetic waves. It was reported that the radiation frequency spectrum corresponded to the laser-pulse envelope [8, 13] . A subpicosecond laser pulse has an optimal duration for the terahertz range [8] [9] [10] [11] . We chose a subnanosecond laser pulse as the optimal duration for L-S band (0.5-4 GHz), which is regarded as a suitable frequency range for the GPR [3] . In this article, the spectrum of the microwaves radiated from laser plasma created by a subnanosecond laser pulse was measured. Using a LGPR system with a subnanosecond laser pulse, aluminum disks (Φ 7, 15, and 26 cm) were detected under a layer of sand. Figure 1 shows a schematic of the experimental setup of the LGPR system. The laser (wavelength: 800 nm; pulse duration: 0.2 ns; pulse energy: 140 mJ; and repetition: 10 Hz) was focused on a spot (diameter: ∼1 mm) using a lens with 2000 mm focal length in air at atmospheric pressure. The laser intensity was ∼8.9 × 10 10 W/cm 2 . An EMCO 3102 (a log-spiral antenna, frequency range: 1-10 GHz) and Tektronix DSA70404 (a high-speed digital oscilloscope, maximum frequency: 4 GHz) were used as the receiving antenna and a recorder, respectively. A lownoise amplifier (Keycom KAV-005060LN-M; frequency range: 0.5-6 GHz; and gain: 40 dB) was used. One-line scan measurements (scan length: 1 m; scan step: 2.5 mm) were performed with an automatic scanning mirror. Aluminum disks (7, 15 , and 26 cm in diameter, 1 cm thick) were buried at the center of the track at a depth of 1 cm in dry sand (dimensions: 1.2 m×0.8 m×0.15 m). The relative permittivity of the sand was ∼5. The receiving antenna was 0.8 m high and 1.5 m from the aluminum disks. To reduce the noise from the external environment, 32 signals were averaged at each laser spot. Figure 2 (a) shows the result without the laser plasma, which is equivalent to the noise components from the laser oscillator. The noise components have a bandwidth from 0.3 to 0.7 GHz. Figure 2 (b) shows the spectrogram of the microwave radiated from the laser plasma, which was constructed by subtracting the noise components from the measured data with the laser plasma. The spectrum has a bandwidth from 1 to 3 GHz. This indicates that laser plasma produced by a subnanosecond laser pulse is suitable as a L-S band radiator. Note that the time duration of microwave radiation seems to be extended because of the window width (∼50 ns). The inset shows the radiated waveform produced by the inverse Fourier transform of the signals shown in Fig. 2 (b) . The horizontal and vertical axes indicate the elapsed time [ns] and the amplitude [V], respectively. The true duration can be estimated from this waveform at ∼1 ns. Figure 3 describes how the LGPR works in this experiment. Figure 3 (a) shows an experimental layout. The horizontal and vertical axes indicate the horizontal position, x, and the depth, z, respectively. The origin of z direction is at the sand surface. The Laser plasma (x = x i ) radiates the microwave at t = 0. The radiated microwave penetrates the sand, is scattered by the buried object (x = x obj , z = z obj ), and arrives at the receiving antenna (dashed arrows) after time t s ,
where L 1 and L 2 are the path length of the microwave propagating from the buried object to the sand surface and from the sand surface to the receiving antenna, respectively, r is the relative permittivity of the sand, and c is the speed of light. The path lengths, L 1 and L 2 , are constant because the buried object and the receiving antenna do not move. Figure 3 (b) shows a B-scan [1, 2] image composed by directly arranging all the acquired data sets. The horizontal and vertical axes represent the horizontal position, x, and the elapsed time, t, respectively. The amplitude of the received signal is represented in grayscale in the B-scan image. The microwave echo reflected from the buried object, which is produced by the laser plasma (x = x i ), is observed after t s . Equation (1) indicates that the echoes reflected from a spot-shaped object should show a hyperbolic locus in the B-scan image. The shape and size of the underground object can be estimated from these loci. The methods described in Fig. 3 are well established in the conventional GPR scheme [1, 2]. tains the echoes reflected from the aluminum disk, noise components from a laser oscillator (low-frequency components: 0.3-0.7 GHz) and variation between laser shots. They are reduced by the band-pass f-k filter as shown in Fig. 4 (b) . . They have been f-k filtered and clipped out as the part corresponding to the corss section of the sand. The depth was calculated from the elapsed time, accounting for the propagating velocity of the microwave and its origin at the sand surface. The rectangles in the figure represent the disk geometries. The constructed images clearly show the detection of aluminum disks and their size differences. The resolution was estimated at ∼4 cm (scan direction) from an envelope of the reflected echo. Here, the resolution is defined as the interval between two objects at which they can be distinguished by a threshold equal to half of their peak values.
In summary, we performed an experiment with LGPR using a subnanosecond laser pulse to create a spot plasma at 9 × 10 10 W/cm 2 laser intensity. The radiated spectrum had the desired frequency (L-S band). Line-scan measurements (scan length: 1 m, scan step: 2.5 mm) by the LGPR were performed. The echoes reflected from each buried aluminum disk were observed clearly and showed the size difference. The scan resolution was 4 cm.
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